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ABSTRACT 


Material requirements Planninc is currently being used 
extensively in the industry. To attain a trade-off between setup 
costs and inventory carrying costs, it is necessary to lump the 
demand of more than one period into one lot. Hence a decision is 
to be taken regarding the appropriate lot sizing rule to be 
followed. There are also bound to constraints on the capacity 
which makes it imperative to take a decision regarding which 
scheduling rule to follow. 

The present work details a simulation study which was 
carried out to determine the interaction effect between the 
various lot sizing & sequencing rules in MRP systems and aims to 
arrive at certain generalizations regarding their effect on the 
various performance criteria. The sensitivity of the different 
lot sizing rules and sequencing rules with regard to the various 
performance criteria was also studied. It is hoped that the 
results of this research would help the practitioner in taking a 
more pragmatic approach while choosing a combination of' lot 
sizing and sequencing rule for the MRP system. 

Uhen lot sizing is carried out at different levels, and 
the capacity constraints are tight, the "Cascade effect" may 
become significant. This may lead to a situation where there is 
too much of inventory of some parts and too little of other 
parts. Two heuristic procedures, one which selecti,vely reduces 
-the lot sizes and another which selectively increases the 
production lead time of certain selected components were tried 
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out. These heuristics did give encouraging results on a couple 
of important criteria like Number of stockouts and units 
stockout, although they led to increased overall costs. 
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CHAPTER I 


INTRODUCTION 

Materials Management is at the heart of all manufacturing 
concerns. Indeed, it accounts for a very important share, not 
only in the financial transactions of the enterprise, but also in 
the operational aspects of the enterprise. Seventy percent of the 
costs involved in producing a product is on materials. Hence the 
management of materials, more often referred to as Inventory 
Management is of paramount importance for the manufacturing 
enterprise. 

Traditional Inventory Management approaches, in the 
precomputer days, could obviously not go beyond the limits 
imposed by the information processing tools available at the 
time. Because of this, almost all of these approaches and 
techniques suffered from imperfections. The commercial 
availability of computers in the mid-fifties ushered in a new 
era. The breakthrough in this area lies in the simple fact that 
once a computer becomes available, it becomes feasible to sort 
out or revise previously used techniques and to institute newer 
ones. In the area of Manufacturing Inventory Management, the 
most successful innovations are embodied in what has become known 
as Material Requirements Planning system, popularly referred to 
as MRP. Material Requirements Planning system has become a new 
way of life in production and inventory management, displacing 
older methods in general. 

MRP is both an Inventory Control and a scheduling 
technique. It consists of a series of steps which starts by 
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determining what finished products are needed to meet the demand 
by time-periods, and arrives at a time schedule of the finished 
product components needed at each assembly for each time period. 

Materials Requirements Planning systems were developed 
more than a decade ago to meet the need of the manufacturers for 
better inventory control in complex assembly processes. A 
distinctive feature of these processes, which renders traditional 
inventory control techniques inappropriate, is that the demands 
(and resulting schedules ) for all components from raw materials 
to subassemblies to finished assemblies are directly dependent on 
the schedule of requirements for higher level assemblies. This 
concept, termed dependent demand is exploited by MRP system to 
coordinate the inventory ordering policies for all the components 
of the manufacturing processes. Coordination is vital since 
shortage of a single item can halt the assembly process, 
resulting in sharply diminished productivity and increased 
inventory costs. The MRP approach is eminently suitable for the 
management of inventories subject to dependent demand, as it does 
not rely on any assumptions regarding the patterns of demand 
and inventory depletion. 

MRP systems were made possible by the emergence of the 
computer as a fast economical information processor. Although the 
growth in the acceptance of these systems has paralleled that of 
the Computers, many of the Material Requirements Planning System 
in use today are, unfortunately, little more than data- 
processors . 

As far as the role of MRP in a total manufacturing control 
system is concerned^ it is seen that MRP is right in the middle of 
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total control system. The effectiveness of MRP is dependent on 
receiving good and accurate inputs. Two of these inputs are those 
concerning the Lot Sizing rule and Sequencing rule to be 
followed. It is important to realize that MRP by itself is not a 
panacea for a Manufacturing Control System, but it is a vital 
ingredient of a total control system. 

1.1 Lot Sizing And Scheduling Decisions. 

Manufacturing Lot-Size problem is one of converting the 
requirements into a series of replenishment orders. If we 
consider this problem on a local level, that is only in terms of 
one part and not its components, the problem involves determining 
how to group the requirements data into a schedule of 
replenishment orders that minimizes the sum of set up costs and 
inventory carrying costs. Thus Lot-sizing decisions which 
achieves economies of scale are important in MRP. 

Since processing a lot through a workcentre takes time, it 
affects the other parts which are to use the same facility. ie. 
The flow time of other jobs in the queue are affected. This in 
turn affects the upper level items and ultimately the completion 
time of the end products. Again, in most situations there are 
limitations with regard to the available capacity. Hence a 
decision is also to be arrived at regarding which part is to be 
produced next, since it is not possible to produce all parts 
simultaneously. 

Thus two of the important decisions to be taken in 
Material Requirements Planning are those concerning the 
appropriate Lot-Sizing and sequencing techniques to be 
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followed. The decision maker is definitely more interested 
in the likely performance that any combination of Lot— sizing 
and sequencing is likely to bring about. Some of these 
performance criteria are Number of late orders. Units of 
stockout. Number of setups, inventory carrying costs, etc... 
The choice of Lot-Sizing and Sequencing do affect the various 
performance criteria listed above and others. 

1.E Why Simulation. 

The development of a mathematical model which takes into 
account the lot-sizing of parts at different levels of the 
product structure, and also the sequencing rules while scheduling 
the parts on each work-centre is quite complex. The size of even 
a small-size problem would be large. Moreover the collection of 
statistics to study the interaction between the lot-sizing & 
sequencing would be difficult if a mathematical model is used. 
Therefore a Simulation approach^ defined as "the process of 
creating the essence of reality without ever actually attaining 
that reality itself" was adopted for this work. 

1.3 Scope Of The Present Work. 

It is indeed possible that a particular lot-sizing rule 
could work in an "opposite direction " to a particular 
sequencing rule, perhaps even nullifying all the desirable 
features of that lot-sizing & sequencing rule and, at the same 
time multiply the undesirable features of them. A computer 
simulation study was conducted to determine the effects of 
using the different lot-sizing rules and sequencing rules on the 
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various performance criteria in a multi-product, multi-stage 
production-inventory system using Material Requirements Planning. 
Hence the interaction effects could be quite significant to the 
practitioner. One of the primary aims of the research was to 
determine whether a particular lot-sizing rule and a sequencing 
rule are to be selected independently of each other or together. 

One of the important points to be noted in using lot- 
sizing formulas is that they don’t take into account the 
available capacity. Lot-sizing techniques frequently result in an 

f 

order quantity so large that the periods in which those order 
quantities are taken up for production, they block up the 
movement of other parts which use the same facilities. Uhen lot- 
sizing is applied to different levels the ’’cascade effect” may be 
magnified. The present work details two heuristic procedures 
which have been tried out in an attempt to arrive at a more 
feasible solution, when lot-sizing is carried out at different 
levels. 

1.4 Organization Of The Thesis. 

Chapter two briefly describes the literature survey that 
was necessary before the work was begun. 

Chapter three describes some of the fundamental concepts of 
MRP. explaining some important MRP terminologies, the methodology 
of MRP and when to use MRP. 

Chapter four describes the present work, the Simulation 
study that was performed and the statistical analysis carried out 
on a set of eight sample problems. The detailed results of one 
problem andihe summarized results of all the eight problems are 
given. The two heuristic procedures are explained in detail and 
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the results are also given at the end of the chapter. 

Chapter five describes the conclusions arrived at and 
a short discussion on them and the scope for future works. 
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CHAPTER II 
LITERATW?E Sl«VEY 


The effects of different lot sizing rules and 
quencing rules on various performance criteria have been 
udied extensively. As noted by Biggs et.al C 1 3 the use of 
P in a multi-stage, multi-product production inventory 
nagement system does not obviate the need for making the 
erating decisions regarding lot-sizing and sequencing. 

There are numerous lot sizing rules that have been 
veloped for use in traditional systems. Orlicky C 2 3 lists 

ne such lot sizing procedures, but none of them have been 
veloped for use in an MRP system. The individual effects 
various Lot-Sizing methods on the performance of a 
ilti-stage, multi-product production-inventory system using 
iterial Requirements Planning have been reported by Biggs C13. 

was observed that though Wagner Whitin algorithm was the 
>timum solution methodology for the single level problem, it did 
tt perform as well as the other lot sizing rules like Silver 
‘al Heuristic & Part-period Balancing procedures in the multi- 
,age production-inventory problem. 

There are a large number of sequencing rules and 
thaustive research on them have been reported by Conwey et.al. 
3 3 and Baker C 4 3. Vollman et.al C 5 3 describes eleven such 
'ocedures, but all of them have been developed for use in the 
'aditional job— shop environment. 

A simulation study of priority rules in shop 
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floor situation under various levels of capacity is reported by 
Bi&ge [ 1]. The Shortest Processing Time Rule had performed well 
with respect to the number of stockouts and the setups. The 
Critical Ratio Rule which is based on the ratio of the effective 
lead time remaining to the work remaining had performed the best 
for the number of stockouts and also performed reasonably well 
for the other performance criteria. 

Some lot-sizing heuristics which recognizes the 
multi stage requirement pattern have also been developed. 
Blackburn et.al.[ 6 ]. describes a procedure where coordination 
of lot sizing at different levels is achieved. But the binding 
conditions are that each part can have utmost one successor or 
parent, only pure assembly processes are to be considered and 
there should be no capacity constraints. 

Very little research work has been reported on the use 
of multi-pass algorithms for capacity constrained situation. 
Moreover though the performance of different lot sizing and 
sequencing procedures have been reported, not much work has been 
reported where the interaction effects were studied. 



CHAPTER III 


AN OVERVIEW OF MRP 

This chapter briefly describes the concepts of Material 
Requirements Planning (MRP), the methodology of MRP, <ie, how it 
works), and some of the decisions to be taken in MRP that greatly 
affect the system performance and about the factors that affect 
the computation of the requirements. However the objective of 
this chapter is to provide a general overview, rather than an in- 
depth coverage of the technical details. 

MRP is widely used in business as^ the mechanics of MRP are 
fairly simple in concept. It is a methodology for managing 
inventory and planning orders for parts and materials with 
dependent demand, that is demand which is derived from the demand 
of other item(s). An important point, but oft forgotten, is that 
MRP cannot stand by itself. It is only a component element of a 
total manufacturing control system. MRP needs the organizational 
support for its success. A manufacturing control system without 
MRP is severely limited in most of the situations. 

3.1 Assumptions And Prerequisites Of fffiP 


MRP systems imply several pre-requisites and 
reflect certain fundamental assumptions on which these systems 
are based. The first prerequisite is the existence of a 
Master Production Schedule, ie an authoritative statement of how 
many end items are to be produced and when to produce them. 

Another requirement is that each item be 


unambiguously identified through an unique part number. 
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The existence at plannine horizon of a Bill of Material is 
also a prerequisite. The Bill of Material must not merely list 
all the components of a fiiven product, but must be structured 
so as to reflect the way the product is actually made, in 
steps from raw material to component part to sub-assembly to 
assembly to end item. 

Another prerequisite to MRP is the availability of 
inventory records for all of the items under the system’s 
control containing inventory status data. 

An MRP system presupposes that the lead times for all 
inventory items are known and can be supplied to the system, at 
least as estimates. The lead times used for planning purposes 
normally must have a fixed value. This value can be changed 
at any time, but more than one value cannot be in 
simultaneous existence. An MRP system cannot handle 
indeterminate item lead times. 

Another assumption under MRP is discrete 
disbursement and usage of component materials. For instance 
if fifty units of a component item is required for a given 
order, the MRP logic expects that exactly fifty units will be 
consumed. Materials that come in continuous form do not meet this 
expectation clearly and therefore require that standard 
planning procedures be modified. 

In determining the timing of item gross 
requirements, the standard MRP procedure assumes that all 
the components of an assembly must be available at the time an 
order for that assembly is to be released to the factory. 
Thus the basic assumption is that the several components are 
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consumed for all practical purposes simultaneously. 

It is clear that the application of MRP is 
generally limited to discrete manufacturing. In other words 
MRP is applicable to any discrete item, manufactured or purchased 
that is subject to dependent demand. 

3.2 Methodology Of MRP 

Materials Requirements Planning is a technique or really a 
•set of systematic procedures for managing inventory in a 
manufacturing operation C 7 3. It is common to talk of 

"dependent versus independent demand". Demand is called 
independent when it is not related to the demand for any other 
item. Demand for finished products are examples of independent 
demand. Demand is called "dependent" when it derives from the 
demand for another item. The demand for component sub- 
assemblies, parts and raw materials is dependent. 

Material Requirements Planning is concerned with 
dependent demand items. MRP generates time phased requirements 

for component parts which are effective forecasts of the 

future demand. There are four basic steps to the MRP process 

1. Wetting. 

2. Lot Sizing. 

3. Offsetting. 

4. Exploding. 


C 7 3. 
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3.E.1 Netting 

Netting is subtracting of on-hand quantities from gross 
requirements to give the net requirements. Gross requirements is 
a statement of the anticipated future usage of or demand of the 
item. The gross requirements are time-phased, which mean that 
they are stated on a unique period by period basis, rather than 
aggregated or averaged. Table 3.1 shows the gross requirements 
by period for a typical component item. This item has a 
current balance of inventory on-hand of fifteen units and an 
open replenishment order of 120 units which is scheduled 
to be received in the first period. Therefore the net 
requirements in the first two periods are zero and are 
reduced related to gross-requirements in the third period. After 
the third period the gross requirements and the net 
requirements are the same. 

Table 3. 1 

Time Period * 12 3 45 6 

Gross requirements 50 75 90 100 35 100 

Scheduled Receipts 120 0000 0 

Net Requirements 0 O SO 100 35 100 

On-hand :15 

3.2.2 L.ot Sizing. 

Lot Sizing is the determination of the individual batch or 
ordering quantities for manufacturing^ based on the calculated 
time-phased net requirements. There are many alternative 
techniques available for lot-sizing which will be discussed 
later. Some of the techniques involve economic balancing of set- 
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up and inventory-carrying costs, and others are simpler rules 
such as using a fixed number of period requirements. To 
demonstrate the concept of lot sizing, the latter mentioned rule 


will be used. Lot quantities will 

be set 

equal to 

two period 

requirements . Table 

3 . 2 shows 

the resulting 

planned lot 

quant., ties . 

Tabl 

e 3.2 



Timeperiod : 1 

2 

3 

4 

5 . 6 

Net r equirements 0 

0 

80 

100 

35 100 

Lot quantities 


180 


'i35 

3.2.3 Offaettinfi 





Offsetting is 

the determina 

t of 

the appr 

opriate time 


for release of the planned orders so that they will be completed 
in time to satisfy the demand. The planned order release date is 
determined by subtracting the lead time from the date of earliest 
net requirement which it is intended to satisfy. In the example 
which has been shown in tables 3.1 & 3.2, if the lead time is two 
periods then the planned order releases are as follows. 

Table 3.3 

Example of offsetting 


Timeperiod : 

1 

2 

3 

4 

5 

6 

Gross Requirements 

50 

75 

90 

100 

35 

100 

Planned receipts 

120 


180 


135 


Planned orders 

180 


135 





On-hand quantity :15 
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3.2.4 Explosion 

Explosion is the process of translatinfi the product 
requirenents into component part requirements, taking existing 
inventories and scheduled receipts into account. Thus explosion 
may be viewed as the process of determining for any part number, 
the quantities of all components required to satisfy its 
requirements, and continuing this process for every part number 
until all purchased items and/or raw material requirements are 
exactly calculated. 

3.3 Lot Sising in HEP. 

Several formal procedures have been developed for lot 
sizing the time phased requiremer The basic trade-off 

usually involves the elimination of one or more setups at 
the expense of carrying inventory longer. In many cases the 
discrete lot sizes that are possible with HRP are more appealing 
than the fixed lot sizes that could be used. 

The lot-for-lot techniques seems to be at first glance 
to be too simple-minded, since it does not consider any of the 
economic trade-offs. Recall however that batching planned 
orders at one level will increase the gross requirements at 
the next level in the product structure. So larger lot-sizing 
near the end-item level of the Bill Of Haterials cascades down 
through all the levels. Thus it seems that the lot-for-lot 
sizing approach is better than one might expect in actual 
practice, particularly when it is applied at the top and the 
intermediate levels of the product structure. This ' is 
especially the case when the product structure is "too deep 
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the cascade effect is greatly leagnified. As a consequence Lot 
for lot approach is used at the top levels and lot-sizing 
techniques are enployed only at the lower levels of the product 
structure . 

Orlicky [ 2 ] lists nine Lot-sizing procedures. The three 
Lot-sizing nethods that have been used in the sieulation 
analysis are explained briefly here. 

1. Part Period Balancing. 

2. Silver Heal Heuristic. 

3. Uagner Uhitin Algoritha. 

3.3.1 Part Period Balancing. 

The part period balancing procedure uses all of the 

infornation provided by the r equireaents schedule. In 
deternining the lot size for an order this procedure tries to 
equate the total coats of placing the orders and carrying 

inventory [ 5 ]. It can be illustrated through an example. 
Example problem: 

Ueek No:1234S 6 7 8 9 

Requirements: 10 10 15 20 70 180 250 270 280 

Ordering Costs : Rs 100 per order. 

Inv carrying costs : Rs 2 per unit per week. 

The alternative lot sizes available at the 

beginning of the week 1 are to place an order covering 

the requirements for 
1. Ueek 1 only. 


2. Ueeks 1 & 2. 
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3. Ueeks 1,2 & 3 . 

4 . Ueeks 1,2,3 & 4 . 

5. Ueeks 1,2, 3, 4 & 5 etc. 

The inventory carrying costs are based on the average 
inventory for the period . Hence the 1/2 (average for one 
period), 3/2 (average for two weeks) etc. The inventory costs for 
the above options are 

1. Rs 2 ((1/2). 10 ) = Rs 10. 

2. Rs 2 ((1/2). 10 + (3/2). 10) = Rs 40. 

3. Rs 2 ((1/2). 10 + (3/2). 10 + (5/2). 15) = Rs 115. 

4. Rs 2 ((1/2). 10 + (3/2). 10 + (5/2). 15 + ( 7/2 ) . 20)=Rs255 . 
Sissilarly the costs for the fifth option is Rs 885. 

In this case the invent "y carrying costs for 
alternative 4 nost nearly approxi states the setup costs of 
Rs 300. Therefore an order should be placed at the beginning 
of the first week and the next ordering decision need not be 
nade until the beginning of the week 5. The procedure is then 
repeated. This procedure permits both the lot size and the 
time between orders to vary. Thusy it will result in smaller lot 
sizes and longer time intervals between orders in the periods 

i 

of low requirements than those occurring for periods of high 
requirements . 

3.3.2 Silver Heal Heuristic. 

The silver meal Heuristic procedure selects the 
replenishment quantity so that the total relevant costs per 
unit time-period for the duration of the replenishment 
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quantity is ninisiized [ 8 ]. The idea is to use an approach use 

an approach which captures the essence of the time varyin£ 

complexity, but at the same time remains relatively simple for 

the practitioner to understand and does not require len£thy 

computations. If a replenishment arrives at the beginninfi of 

the first period and it covers the requirements through to the 
t h 

end of the T period, then the criterion function [9 ] can 

be written as follows, 

TRCUT(T) : =(Setup Cost+Total carryin£ costs to end of period T)/T; 
where TRCUT stands for Total Relevant Costs per Unit Tine. 

The basic idea of the heuristic is to evaluate 

TRCUT(T) for increasing values of T until for the first 

time TRCUT(T+1) > TRCUl(T). Then the lot size is equal to the 
demand for these T periods. For the problem described in section 
3.3.1, the values of TRCUT(T) for T ranging from 1 to 5 are 
TRCUT(1):= (300 + (1/2). 10 )/l = Rs 305. 

TRCUT(2);= (300 + ( 1 /2 ) . 10+ (3/2 ) . 10 )/2 = Rs 160. 

TRCUT(3):= (300 + ( 1 /2 ) . 10 + (3/2 ) . 10+ ( 5/ 2 ) . 15 ) / 2 = Rs 115. 
Similarly the values for T equal to 4 & 5 are respectively Rs 99 
and Rs 118. 

Since TRCUT(5) > TRCUT(4), the decision in the first 

period is to order for that quantity sufficient to cover the 

demands for the first four weeks. The next reordering decision 
need not be taken until the start of the fifth period. The 
method described above guarantees only a local minimum in the 
total relevant costs per unit time. It is however possible that 

still lager values of T will yield still lower costs per unit 


t ime . 



18 


3.3.3 Uagner Uhitin Alfiorithn. 

Uagner Uhitin algorithm is designed to find optimal 
ordering policies for problems with known demand and varying 
setup and inventory carrying costs over an N-period planning 
horizon [ 9 ] . The computation proceeds as follows 
Let 

D-t = Demand through period 1 to T. 

It = Inventory carrying costs in period t. 

St = Set up costs in period t. 

Ot = quantity ordered in timeperiod t. 

Fjc = Optimal policy costs for the periods 1..T. 

Mjk = Setup and carrying costs during the periods j+1 to k when 
the lot size satisfies the demand for periods j+1 to k. 

Then 

Fjj = Hin Fj + 

Uith reference to the problem described in section 3.3.1, 
the values of Fj’s are given in the table. 


Last 

Prodtict ion 
Period 

1 

Time Period 

2 3 

A 

1 

1 

1 

5 

6 

1 

120 

160 

250 

410 

1110 

3870 

2 


240 

300 

420 

880 

2680 

3 



290 

370 

790 

2130 

4 




390 

670 

1650 


5 610 1330 

107 0 


6 




1!? 


Th* V8llui»8 of Qt's are 20, 35 70 and 180 respectively in the 
periodfl lj,3,5 and 6. 

ITbiSre are tvo theoreais which reduce the 

conpute^i.Ons required. The first theores basically 

sufig.estfis considering prograas where It*0t“0, le nothing is 
ordere<I for any period when inventory is brought into that 
peri od. 

According to the planning horizon theorea, if it is 
optiaal to incur an ordering cost in period t* then it 

is susftficient to explicitly consider periods 1 through 

t 

t -t Si«ff>S(i:rately . Thus the planning horizon theore® allows 
the cfie*cot)Wipo8ition of the original problem into s®sHer 
problems leading to a further reduction in the amount of 
coaput:«.*ti.iii>ns . 

3.4 SESVEJKCIKG IN NEP. 

Iln* addition to the decision as to what the lot size should 
be far each and every itec, another inportant decision to be 
taken dss that concerning when to produce these lots. There 
are a l;arge number of sequencing rules which have been 

develoip*edJ and tested, but mostly in the traditional 

job— alaoip environment. 

iSe^duencing rules can be classified as static or 
dynanie 5 ]. A static rule is one for which the necessary 

input dniformation is available at the beginning of the 

sinulat icon itself. A dynamic rule is one for which the priority 
valuesi buhve to be recomputed time and again. Four sequencing 
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rules which have been used in the present sinulation study are 
explained in brief below. 

1. S.P.T 

Process that conponent lot first that has got the 
shortest processing tine. It has been reported that S.P.T rule 
perforns well with respect to number of setups and inventory 
costs [ 6 ] . 

2. Critical Ratio Rule. 

Process that conponent lot first that is nost needed 
in the next periodCs). The critical ratio [7] is calculated 
using the fornula. 

Critical Ratio= Lead tine remaining - Uork remaining 

Work Renaining 

The job lot having the least critical ratio is given 
the highest priority. This rule has perforned well with respect 
to the stockouts, as reported by Biggs[ 1 ]. 

3. Unit Value Rule. 

Process that conponent lot first that has the 
highest unit value. 

4. End Product Value Rule. 

Process that conponent lot first that is a conponent of 
the final product with the highest unit cost. This rule was 
selected because it was thought that it would increase the value 
of the end-product flow through the systen. 
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3.5 Factors Affecting The Coaputation Of Requirenents . 

3.5.1 Conaon Usage Of Coaponents. 

Conunon usage of a coaponent Itea by several parent iteas 

is another coaplicating factor in the computation of 

requirements by an MRP system. Lower the level of the 
component itea, the more parent items it tends to have. In 
order to determine the net requirements for such common usage 
items correctly, its gross requirements stemming from ail of its 
parent items must be determined first. For this purpose. Low 
level coding is applied. 

3.5.2 Low Level Coding 

The technique of low-level-coding is commonly 

employed. The lowest level at which any inventory item appears 
is identified through an analysis of the Bill Of Material file 
and this information is added to the Bill of Materials record. 

In the level by level requirements computation process, 

processing of the item is delayed until the lowest level on 
which it appears is reached. At that point all the possible 
requirements of that item stemming from all of its parent items 
have been established. 

3.5.3 Lead Tines. 

Planned production lead tines are used by an MRP system. 
The lead tine of a part is made up of different components like 
queue times, running time, setup . time, inspection time, 

4 
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Move tine etc. Orlicky t 2 ] reports that in a Machine shop 
environment, the first of the elements listed normally 
accounts for roughly ninety percent of the total elapsed time. 

Lead times are to be stated in terms of the 
planning period being used. Uhen, as is the usual case, 
the planning period equals a week or longer, many minor 
distractions may occur. Uhen lead time is one day, the system 
interprets it as one week. Sometimes the distortion due to this 
could be extreme as when a part A is made one day, the next day 
it is consumed in making sub-assembly B which in turn goes into 
assembly C built on third day. In cases like these to prevent 
the MRP system from planning these items one week apart their 
lead tines may be specified as zero. The system will then 
order for all three in the same week. 

3.6 Uhere To Use HRP. 

MRP is a way of life for many industries fabricating ani 
assembling products like automobiles and radios. It is especial^ 
suitable for situations where one or all of the followiiH 
conditions exist. 

1. Final product is complex, and made up of several lev*|— 
of assemblies. 

2. Lead tines for components and raw materials i 
relatively long. 

3. Manufacturing cycle is long. 

4. Consolidation of requirements for several products 
desirable so that economic lot sizes are applicable. 

MRP is a dynamic system which is continually changing. 
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if chances are too frequent and involve short lead tines, then 
the system will not be able to overcome the inertia in the 
system. Kanuf acturinc will also have trouble in makinc chances in 
capacity, which is critical, for one cannot get more out of the 
systeai than what capacity permits. 


CHAPTER IV 


SIMULATION STUDY 


A simulation model of a multi— product , multistage 
production-inventory system was developed. Simulation does 
provide the advantages of a method of analyzing the problems that 
cannot be solved by other techniques. However the solution 
arrived at by Simulation are only as broadly applicable as the 
Simulation model is similar to its real world counterparts. 


The individual effects of Lot-sizing and Sequencing have 
been studied separately. This Simulation study was conducted to 
examine the interaction effects of different lot-sizing and 
Sequencing rules when used conjunctively. In other words the 
study aims to determine the interaction effects between lot 
sizing and sequencing in order to arrive at a decision as to 
whether a lot sizing and a sequencing rule are to be selected 
independently or in conjunction. 


The Material Requirements Planning system converts the 
Master Production Schedule into a time-phased schedule for all 
the intermediate assemblies and coinponent parts. The 
quantities and timings for planned orders are determined by 
the Material requirements Planning logic using the Inventory 
position, gross requirements and a specific procedure for 


determining the quantities , the lot sizing procedure. 
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4.1 Lot Sizing Rules Considered. 

A number of procedures have been developed for MRP 
systems, ranging from ordering ( Lot-for-Lot ) to simple 
decision rules and finally to extensive optimizing procedures. 
The lot sizing procedures used in this simulation analysis are 

1. Part Period Balancing. 

2. Silver Heal Heuristic. 

3. Uagner Uhitin Algorithm. 

All of the above lot sizing procedures are explained in 
brief in Chapter 3. All of them will tend to combine the 
net requirements for more than one time-period/bucket. No 
fraction of a time periods requirements will be split into 
two or more different lots by any of the above mentioned lot- 
sizing rules. 

4.2 Sequencing Rules Considered 

The mechanics of MRP simply generate a set of net 
requirements that must be met if the Master Production Schedule 
is to be maintained. After selecting the Lot Sizing rule^ the 
decision maker is still left with the decision of when to 

produce these appropriate lot sizes. Hence the need for 

scheduling or sequencing arises. 

However^ most of the Sequencing rules have been 
developed in the traditional job shop environment where 
a lot/batch maintains a unique identification from the beginning 
of the process to its being shipped to the customer. There has 

been very little research into the use of a set of sequencing 
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rules in a discrete manufacturing process which has inventory at 
each stage. 

The sequencing rules which have been used in this 
simulation study are the following. 

1. Critical Ratio Rule. 

2. End product Value Rule. 

3. Shortest Processing Time. 

4. Unit Value Rule. 

All of the above four sequencing rules have been explained 
in brief in the preceding chapter. 

4.3 Simulation Model 

There is the necessity for the conceptualization of the 
following general hypothesis. In a multi-stage, multi-product, 
production-inventory system using Material Requirements Planning, 
the choice of lot-sizing and sequencing rule will have 
noticeable effects on the performance criteria, and these two 
sets of rules will interact. A production-inventory system with 
different inventory levels- raw materials, parts, assemblies and 
finished goods is conceptualized. The model uses discrete time- 
periods of one week for updating and taking decisions. 

4.3.1 Assumptions 

To evaluate the effects of lot-sizing and 

sequencing and of the interaction effects between the two, it 
is necessary to incorporate many simplifying assumptions as far 
as the system is concerned. These assumptions relate to 
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the product denand, product lead tiaes, inf oraat ional 
capabilities and possible interactions between them . These 
basic assumptions are the followinfi. 

1. Demand is deterministic. 

2. Breakdown times and repair times of the machines 
are deterministic. 

3. Manpower is of uniform capability. 

4. Pre-empting is not allowed. 

5. Machine set-up time and operation times are known. 

The issue of capacity utilization while a matter of 

great importance to the practitioner ,was not part of this 

work. For the purposes of this study it was considered more 
appropriate to take into account capacity constrained 

situations. Accordingly the demand of the end products have been 
taken to be at a level which made a severe demand on the 

capacity. The capacity utilization of the work centers ranged 
from seventy percent to as high as ninety percent. 

It is also assumed that no work center can perform 
more than one operation at any time. Each lot size, once 

started must be completed if the component parts are 
available. That is, machine or work-center availability, 

while being a constraint on the total production will not 

limit a production lot, but can cause part of that lot to be 
shifted to the following time period. 

4.3.2 Performance criteria 


Four performance criteria have been used 


to evaluate 
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the various conbinatioti of sequencing rules and lot-sizing rulaa. 
They are the following; 

1. Number of Stockouts. 

2. Units Stockout. 

3. Inventory Cost. 

4. Number Of Setups. 

Very frequently it is seen that the performance of a 
manufacturing concern is judged on the basis of number of 
late orders, or in other words the punctuality of delivering the 
parts as ordered. Therefore this performance criteria vas 

considered to be important and was selected. 

The second criteria, the number of units of stockout 
indicate the extent to which the consumer demands have been 
successfully met. This criteria also has a bearing on the 
profitability, and more inportantly on the goodwill of 

the consumer, which is of paranount importance. 

The third criterion, inventory carrying costs indicates 
the extent to which capital has been locked up and has a direct 
influence on the profits earned. 

The fourth criterion, the number of setups is also 

important, especially when the changeover times from one setup 

to another setup are significant. 
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To statistically analyze the interaction between lot 
sizing and sequencing, it is necessary to have nore than one 
sinulation run for the ease conbination of lot sizing and 
sequencing rules. Unless the number of replications is greater 
than one, it will not be possible to test for interaction 
effects. Each conbination of lot-sizing and sequencing rule is 
tested five tines with the demand of the final products 
changed between replications. To change the denand of the end 
products between replications, a random number generating routine 
is used. The time horizon considered was fifty time- 
periods/ ’ buckets ’ . The time-period considered was a week. The 
statistics were collected only after a preliminary run for 
five periods. 

The simulation was repeated for eight sample problems. For 
three of the sample problems considered, the product structures 
were predominantly broad, for three other problems the structure 
was predominantly deep and for the remaining two problems it was 
a combination of the above two. 

For illustrative purposes^ the details of one problem are 
given here. The number of end products considered were four and 
the total number of parts were forty five. The product structures 
of the four end products are given in Figures 4. 3. 3.1 to 
4 . 3 . 3 . 4 . 

The demand of the four end products have been assumed to 
be uniformly distributed for this problem. The values are given 
in the table 4. 3. 3.1. The subassembly details are given in the 
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:able 4. 3. 3. 2. The work center where the aasenbly process takes 
>lace and the time taken to assemble per unit are civen in the 
table . 


The routing details of the parts are given in the table 
4 . 3 . 3 .5 . The numbers within the brackets indicate the work center 
where the process takes place and the time taken to process per 
unit. The machining sequence of a part is the same as given in 
the table. 

4.3.4 Statistical Testing. 

The statistical analysis was performed using the two way 
Analysis of Variance approach. The analysis of variance is a 
widely used technique for separating the variance in a group of 
samples into portions which are traceable to different sources 
[10 ]. The details of this procedure is given in Appendix A. If 
all the samples are lumped together into one grand sample, it 
would not be possible to determine the individual effects of 
various factors. The method of analysis of variance enables one 
to estimate how much of the variance is attributable to one 
cause and how much to the other cause, and to decide whether or 
not the interaction between the two factors have produced any 
significant effects. Thus it is possible to estimate the effects 
of lot-sizing and sequencing simultaneously. 

The detailed results of the problem described in 
section 4.3.3 are given in the tables 4. 3. 4.1 to 4.3.4.11. 


Tables 4. 3. 4.1 to 4. 3. 4. 4 are the summarized statistics 
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Table 4. 3. 3.1 
Demand Data Of Product 


Product No 

Demand /timeperiod 


U*(40.60) 

15 

! 

U(25,40) * 

25 

! 

U(30,40) 1 

36 

U(40.50) j 


Table 4. 3. 3. 2 
Sub Assembly details 


Part 

No 

Work 

Center 

Time per j 
assembly 

2 

1 

40 j 

3 

2 

1 

45 

i; 

5 

3 

1 

30 j 

16 

4 

25 

17 

3 

15 

18 

1 

20 

19 

2 

30 

26 

3 

34 

29 

4 

20 

30 

5 

45 

36 

4 

15 

37 

5 

20 

38 

4 

20 

40 

5 

25 

45 

1 

30 

i 


Uniformly distributed 
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Table 4. 3. 3. 3 
Routing Details Of Parts. 


i Part 
i No 






Routing 

Sequence . 


2 

( 

6 , 

10 

) 

( 

7 . 

15 

) 

c 

8 , 

10 

) 

10 

( 

9 , 

8 

) 

( 

8 , 

15 

) 





9 

( 

7 . 

20 

) 

( 

8 , 

10 

) 




1 

1 

11 

c 

9 , 

10 

) 

c 

10 

. 10) 

( 

12 

, 12) 1 

13 

( 

10 

7 

) 

( 

12 

, 10) 




j 

14 

( 

9 , 

5 

) 

( 

10 

, 4 

) 

( 

11 

, 8 

’ i 

16 

( 

10 

2 

) 

( 

11 

, 5 

) 

c 

12 

, 5 

1 

) 

21 

( 

6 , 

15 

) 

( 

11 

, 2 

) 
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i ( 

6 , 

25 

) 

( 

11 

, 20) 





1 

i 24 

i ( 

5 

6 , 

10 

) 

( 

8 . 

3 

) 

( 

12 

. 5 

) 1 

I 

j 28 

^ ( 

8 » 

5 

) 

( 

10 

, 5 

) 

( 

12 

, 5 

) ; 

* 31 

’ ( 

9 

10 

) 

( 

10 

. 10) 

( 

11 

. 5 

) i 

1 

26 

1 ( 

8 , 

3 

) 

( 

10 

. 3 

) 

( 

6 , 

10 

) 

33 

; ( 

9 , 

4 

) 

( 

8 . 

5 

) 

( 

7 , 

10 

) i 

35 

( 

7 . 

10 

) 

( 

9 , 

6 

) 

c 

10 

» 8 

) 

43 

( 

1 

9 . 

4 

) 

( 

10 

. 6 

) 

( 

12 

. 8 

) 

1 

44 

^ c 

8 , 

5 

) 

( 

10 

, 7 

) 




i 

1 


The number's in the brackets indicate the work centre and 
time taken to process per unit. 


the 
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r the individual performance measures. The numbers in each 
XI are the mean and standard deviation for a particular 
mbination of lot sizinfi and a sequencing rule. They represent 
ve replications. The marginal values for the columns are the 
and means for a particular sequencing rule over all the lot 
zinfi rules and represent twenty replications. The marfiinal 
ilues for the rows are the grand means for a particular lot- 
zing rule over all the sequencing rules and represent fifteen 
jplications each. The ANOVA ( Analysis Of Variance ) tables are 
iven in the tables 4. 3. 4. 5 to 4. 3. 4. 8. 

.3.5 Interpretation Of Results. 

The significance level of Lot Sizing, Sequencing and their 
nteraction effects are given in the tables 4. 3. 4. 9 to 4.3.4.11. 
t is important to note that the interaction effect between lot 
izing and Sequencing are significant, though -at varying levels 
or the different performance criteria. 

Lot sizing was found to be less significant than 
tequencing in the case of the two performance criteria, namely 
lumber of stockouts & units stockout. It can be stated that the 
ibove two criteria are more sensitive to changes in sequencing 
procedures than to changes in' lot sizing procedures. 

In the case of setups, it is found that lot sizing is more 
significant than sequencing. In other words, it can be said that 
number of setups are more sensitive to changes in lot sizing 
procedures than to changes in sequencing procedures. 

■c; 
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The 

discussions so 

far 

have centered 

around the 

row 1 

means 

ind column 

means. But 

it 

is significant 

to note 

that 

the 

Interaction 

effects are 

significant. For 

example 

though 

the 


soabinatlon of Part-Period Rule and Critical Ratio Rule gives the 
best solution in case of the number of stockouts & number of 
units of stockout, the combination of Part-Period balancing & 
Unit Value rule performs very badly against the same two 
criteria. Again the combination of Part Period balancing & 
Unit Value rule gives the best solution for the number of setups. 
But the same combination gives bad results for the other two 
criteria. 

Since there are four performance criteria and they do not 

all show equal response to various rule combinations, there is 

indeed a difficulty in interpreting them for practical usage. To 

the practitioner it only means that he should be very careful in 

choosing a combination of lot sizing & sequencing rules. It is 

hoped that the user friendly system developed will be of help to 

the decision maker in arriving at a solution that will be 

acceptable to him. If the criteria of the practitioner is 

single-valued then he can refer to the corresponding table and 

choose that combination which will result in a minimization of 

that criteria. However if the decision maker is looking for 

»■ 

minimizing multiple criteria, it is to be remembered that he 
should not have a myopic point of view. The tables obtained as 
output from the simulator could be referred to and that solution 
chosen which would perform satisfactory for all the criteria. 
This is because a combination which performs the beat for a 
criteria may perform very badly for the other criteria. 
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It could be aaid that there is no universal combination of 
t sizinfi & sequencing rule that would perform the best for 
Iti-criteria situation. 

3.6 Summary Of Results 

The simulation was carried out for ei£ht problems. Thoufih 
clear-cut conclusion on what lot sizing rule and sequencing 
lie is to be chosen for a multi-criteria situation could not be 
.'rived at, the statistical analysis does provide us with some 

tformation of the sensitivity of the lot sizing rules and 

aquencing rules to different performance criteria. This is bound 
> be of help to the practitioner while he wishes to maximize the 
erformance of his system. A summary result of the simulation 

arried out on the eight problems are given in the tables 4. 3. 6.1 
o 4. 3. 6. 3, which indicate the range of the significance values 
f lot-sizing & sequencing rules and of their interaction^ for the 
et of eight sample problems considered. It is hoped that the 
ractitioner would stand to benefit from this. 

Some of the observations from an analysis of the eight 

roblems are the following. 

. In all the problems^ Sequencing rules were found to be more 
lignificant than Lot sizing rules for the performance 
;riteria of Number of stockouts and Units Stockout. 

L. In all the problems , Lot sizing was found to be more 
lignificant than sequencing in the case of Number of 
setups . 

I. The interaction effects were found to be quite significant 
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for all the perfor»ance criteria with the aignificance values 
ranging fron 0.50 to O.of 

4.4 Heuristic Procedures Developed. 

Under conditions of tight capacity, it may be impossible 
to prevent any stockouts. However it is seen that sometimes the 
lot sizes of certain parts are such that the periods in which 
they are taken for production, they block up the other parts 
which are to be processed in those machines. 

Here two heuristic procedures, one which attempts to 
reduce the lot sizes of the parts through an iterative procedure, 
and the second which increases the lead times of certain parts 
through an iterative procedure are presented. 

4.4.1 Heuristic 1. 

Let 

T = Length of the planning horizon. 

SOPUDC = Set of parts with difference in actual & theoretical 
costs exceeding 10 

SOPC = Set of parts already considered twice in the iterative 
procedure. 

BestSol = Best Solution arrived at w.r.t Stockouts. 

K(j) = Number of times the part j has been considered in the 

iterative procedure. 

The iterative procedure for modifying the lot sizes is as 
follows- 

1. Initialize all K(j) to be 0 where j represents the part 
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nuaber. 

2. Read Input Data. 

3. Simulate for the time horizon considered. 

4. BestSol ->solution arrived at in step 3. 

5. Form the set SOPWDC . 

6. Remove all parts j from the set SOPUDC where K(j) =2. 

7. If No of stockouts equals zero or if SOPWDC equals null or 
SOPUDC is a subset of SOPC then stop. 

8. Select the part from the set SOPUDC whose holding cost is 
highest. Let the part be denoted by Pj. 

9. If the lot size of the part Pj cannot be changed THEN the part 
Pj is removed from the set SOPUDC and go to step 5 ELSE Increase 
the holding cost of the part Pj insteps of 0.2 until the lot size 
of the part changes. Simulate and store the present solution. If 
the present solution is better than the BestSol then BestSol -> 
present solution. Increment K(Pj).Add part Pj to the set SOPC if 
K(j)=2. Go to step S. 

The results of the iterative procedure carried out on the 
sample problem are given in the table 4.4.1. It is seen that the 
number of stockouts have reduced, though at a slight increase in 
the overall costs. 

4.4.2 Heuristic 2. 

In this heuristic an iterative procedure is followed which 
increases the lead times of the selected parts in steps of one 
period. The procedure is as follows— ( with the same notations as 
fo. jlowed in Heuristic 1) 
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number. 

2. Read Input Data. 

3. Simulate for the time horizon considered. 

4. BestSol ->solution arrived at in step 3. 

5. Form the set SOPUDC. 

6. Remove all parts j from the set SOPWDC where KCj) =2. 

7. If No of stockouts equals zero or if SOPUDC equals null or 
SOPUDC is a subset of SOPC then stop. 

8. Select the part from the set SOPUDC whose holding cost is 
highest. Let the part be denoted by Pj. 

9. Change the lead time of the part by one unit , increment K(j) 
by one . Simulate and store the present solution. If the present 
solution is better than the BestSol then BestSol ->present 
solution. Add part Pj to the set SOPC if K(Pj) =2. Go to step 5. 

The results of the simulation carried out are given in the 
table 4.4.2. The solution arrived at is more feasible in the 
sense that the number of stockouts are less. However the increase 
in the costs are quite significant. 

A comparison of the results of the above two iterative 
procedures do indicate that in cases of tight capacity, it may be 
better to change the lot sizes than to change the lead times. 


Table 



for the five replications 
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mean and standard deviation 
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Table 4. 3.4. 9 


Analysis Of Variance 

Source Of Variation : Hain Effects of Lot Sizing 


Performance 

Criteria 

F Statistic 

Significance 

Value* 

No of stockouts 

2 . 06 

0.25 

Units stockout 

0.745 

0.50 

Setups 

156.657 

0.01 

Inv Cost 

62.064 

0.01 


* Degrees Of Freedom are 2,48 


Table 4.3.4.10 
Analysis Of Variance 

Source Of Variation : Main Effects of Sequencing. 


Performance 

F Statistic 

Significance 

Criteria 


* * 

Value 

No of stockouts 

132.853 

0.01 

Units stockout 

118.406 

0.01 

Setups 

3.657 

0.05 

Inv Cost 

7.13 

0.01 


Degrees Of Freedom are 3,48 










Table 4.3.4.11 


Analysis Of Variance 


Source Of Variation 


Interaction Effect Of Lot sizing A 
Sequencin 


Performance 

F Statistic 

Sign! f icance 

Criteria 


Value 

No of stockouts 

2.49 

0.05 

Units stockout 

1.60 

0.25 

Setups 

4.781 

0.01 

Inv Cost 

0.947 

0.50 


* Degrees of Freedom are 6,48 


Table 4.3.6. 1 


Range of Significance Values Of Lot-Sizin< 


Rules For The eight sample problems. 












9 


Table 4.3. 6.2 

Ranee of Sicnificance Values Of Seauencin 


Rules For The eicht saroole oroblems 


Performance 

Criteria 

Range Of 
Significance 
Values 

No of stockouts 

0.01 to 0.05 

Units stockout 

0.01 to 0.05 

Setups 

0.25 to 0.50 

Inv Cost 

0.01 to 0.25 


Table 4. 3. 6. 3 

Ranee of Significance Values Of Interaction 
For The eicht sample problems. 


Performance 

Criteria 


Range Of 
Significance 
Values 


No of stockouts 
Units stockout 
Setups 


0.01 to 0.25 
0.01 to 0.25 
0.25 to 0.50 


Inv Cost 


0.01 to 0.25 









Table 4.4.1 


So 


Bftsulta of the Simulation carried out wi^ 

Modification In the Lot Sizes^ 


Performance 

Criteria 

Or igio^l 
Value 

Modified 

Value 

'Change 

Setups 

3129 

3234 

3.36 

No Of Stockouts 

29 

20 

"■31.03 

Units Stockout 

684 

482 

-29.53 

Setup Cost (Rs) 

417861 

431594 

-36.17 

Inventory Cost(Rs 

317566 

307561 

3.29 

Total Cost (Rs) 

735427 

739155 

'3.15 


TAbl« 4.4.2 

Results of the Simulation carried 


Modification In the Lead Times 


Performance 

Criteria 

Original 

Value 

Modi f i ed 
Value 

Percent 

change 

Setups 

3129 

3143 

0.45 

io Of Stockouts 

29 

23 

-20.69 

Jnits Stockout 

684 

553 

-19,15 

Setup CostC Rs ) 

417861 

421673 

0.91 

Inventory Cost(Rs 

317566 

334104 

5.21 

Total Cost ( Rs) 

735427 

755776 

i 

2.77 












CHAPTER V 


CONCLUSIONS 


One of the primary aims of the research was to determine 
whether a lot-sizing rule and a sequencing rule are to be 
selected independently or together. The statistical analysis 
carried out on the eight sample problems do tend to indicate that 
the sensitivity of lot-sizing and sequencing rules are different 
for the same performance criteria. It is also seen that the 
interaction effects are quite significant for some performance 
criteria. However no single rule was found to perform "the best” 
against all the four performance criteria considered. In 
selecting a particular lot-sizing and sequencing rule, a trade- 
off between the different performance criteria are required. 
There is no single combination which would do the best for all 
criteria. 

The two heuristic procedure which attempted to coordinate 
the lot-sizing decision at different levels have produced 
encouraging results. 

Scope Of Future Work. 

An area of future work is to determine the pattern of 
difference in the significance levels of lot-sizing, sequencing & 
their interaction as a function of available capacity. A more 
rigorous study is required to arrive at more concrete 
conclusions, since the sample size considered was small. 
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App«ndix A 


An«ly0la Of Vari&nca. 


The procedure used to test the equality of the ateans of 
several populations is called Analysis Of Variance. It involves 
splitting up of the variance into its conponent parts (analyzing 
it ), and then deciding whether to accept or reject the equality 
of the population means based on the relative magnitude of these 
pieces. Analysis of varie ce enables one to estimate how much of 
the variance is due to one factor and how much is due to the 
other . 

Ue will suppose that there are two factors, called as A- 
factor & B-factor respectively. Ue will suppose that A-effects 
occur at "a” levels, denoted by i = i..a, and that the B-effects 
occur at "b” levels denoted by j=l..b. A variate X is measured on 
each item and it is replicated r times. In addition Let 
r = Number of replications within each cell. 

'trllL 

Xj[jk = Value of the variate X measured with the i A-f actor and 
jth ]a_pactor for the r*^ replication. 

Xi . . = Grand row means for the i A-Factor. 

'fbli 

X_j_ = Grand column means for the j B-Factor. 

Xij. = Mean of all replications within a cell. 

N = Total number of individual measurements of the variate X 


equal to abr . 



Table A.l 


Table Of Observations For ANOVA 


A 

factor 


B Factor -> 

Row Means 


X 





111 



X 


X 



1.. 

j 


Hr 



1 

_ - - - 


X 

" 


i 




^ 1 



ij2 


i. . ‘ 



X 


. 



ijr 

! 



Coltiffin- Means 

X 

X ' 



1 

i ±: 

. j- 


1 


JL. 

Ue suppose that the i A-factor has an effect on the 
variate X measured by aj , the B-factor has an effect 

measured by pj nd the interaction effect is denoted by jj. The 
mathematical model can be represented by 
^ijk = M + tti + Pj + i j + ^i jk 

where ^ijk random part of X^j^ which is due to all 

the miscellaneous causes which may produce an effect, but which 
are not specifically allowed for in the design of the experiment 
and p is the overall arithmetic mean of the variate. 

The total sum of the squares of deviation can be divided 
into its component parts as follows. 

SST = SSA +SSB + SSAB + SSR 

where SSA, SSB, SSAB 4 SSR are the aum o( the aquaree of deviation 
doe to A faetora, B faotora. the interactioo and replication 
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SSA = b. r.^(Xi _ - X)^ 

I 

SSB = a.r. j- " 

J 

SSAB = r ^(Xij. - Xi_ - X.j. - X)^ 

IJ 

SSR = ~ ^IJ.) 

The analysis of variance for the model can be set out as in the 
table . 


Source of 

variation 

Degrees Of 

Freedom 

Mean F 

Squares 

Value 

A effects 

a-1 

KSa = SSA/ (a-1) 

MSa /KSe 

B effects 

b-1 

MSb = SS8/(b-l) 

nSb /MSe 

A B effects 

(a-l)(b-l) 

MSab = SSA? ((a-1). (b-1 )) 

HSab /HS 

Replication 

Ef f ect 

a.b. (r-1) 

HSg = SSR/(a.b.(r-l)) 



The four sum of the squares are pairwise independent. It 
is possible to test for interaction by comparing the mean squares 
of interaction and replication and test for B-effects by 
comparing the mean squares of B-effects and replication, and test 
for A-effects by comparing the mean squares of A-effects and 
replication . 

Once the F values are got, the significance values can be 
read from the table corresponding to the appropriate degrees of 


freedom. 
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